Introduction enhances or represses the photosynthetic apparatus by In the 1770s Joseph Priestley performed experiments regulating transcription of the genes involved. This carbon showing that plants release a type of air that allows metabolite-mediated regulatory mechanism is not only combustion and, since then, photosynthesis has been the capable of regulating photosynthesis, but also of prosubject of a broad and intensive research effort. As a viding the necessary integration with plant metabolism as result, the pathways of photosynthesis are well established a whole. and the enzymatic properties of individual enzymes are Global atmospheric CO 2 has risen from 27 Pa before well understood. The underlying mode of regulation, the industrial revolution to 36 Pa 200 years later (Griffin and Seemann, 1996) due to human activity and is expected however, remains an area of relative ignorance. How are to double during the 21st century (McElroy, 1994) . This concentrations of sugars used for electroporation demonstrated the physiological relevance of the sugar-mediated dramatic increase is occurring much faster than the natural genetic adaptation of plants and is expected to alter regulation of expression of genes coding for photosynthesis proteins. This was later confirmed in the functional balance of photosynthesis reactions. In this context the study and understanding of photosynthesis Chenopodium rubrum cell-suspension cultures where 1 mM glucose sufficed to inhibit expression of RBCS function and regulation gain increasing importance.
( Klein and Stitt, 1998) . A second strategy to observe down-regulation of
Carbon metabolite-mediated repression of genes genes coding for photosynthesis proteins is cold-girdling.
involved in photosynthesis
Temperature-controlled aluminium blocks are placed around petioles of photosynthetically active source Carbon metabolite concentrations may affect the expression of genes encoding photosynthetic components in two leaves of whole plants. The lowering of the temperature in the petiole inhibits the export of sugars and other different ways. The depletion of sugars leads to activation of gene expression and to an increase in photosynthetic metabolites, resulting in a rise in sugar concentrations in the leaf to a point where repression of gene expression capacity. When output exceeds the plant's capacity to metabolize or export sugars, the subsequent increase in occurs ( Krapp et al., 1993) . These strategies, while useful in the study of sugar-regulated gene expression, should sugar concentrations in the leaf triggers repression of genes for photosynthetic components and ultimately be viewed with caution as they may, in some instances, lead to high, physiologically non-relevant, internal photosynthesis itself (Stitt, 1991; Krapp et al., 1993; Van Oosten and Besford, 1994, 1995) . These two distinct sugar concentrations. A third means of triggering repression of photoeffects, however, are probably the result of a single regulatory mechanism, as enhanced expression following synthesis through repression of the genes involved is by placing plants in a carbon dioxide-rich atmosphere. sugar depletion seems to be largely the result of de-repression of sugar controls on transcription ( Koch,
The increase in pCO 2 leads initially to increased photosynthesis rates (reviewed in Stitt, 1991) and to in-1996) . mRNA stability and translation may, in some cases, also contribute to carbon metabolite modulation creased intracellular sugar concentrations (Arp, 1991; Wullschleger et al., 1992) . However, over a period of in vivo (Sheu et al., 1994; Rook et al., 1998) . The putative advantage in sugar-mediated regulation of genes encoding days, photosynthetic rates decline (Curtis et al., 1995; Van Oosten and Besford, 1995) due, probably, to an photosynthetic components is that, in times of sugar deficiency, reserves will be mobilized to increase photosynaccumulation of sugars in the leaves ( Von Schaewen et al., 1990; Krapp et al., 1993 ; Van Oosten and Besford, thesis and sugar output, whereas valuable resources (e.g. reduced N ) need not be committed to the processes if 1994 , 1995 Webber et al., 1994; Drake et al., 1997) , or to the consequent increase in flux through hexokinase carbohydrate supplies are already sufficient.
The repression of both nuclear and plastidic genes for (Jang and Sheen, 1994; Koch, 1996) . Remarkably, this is apparently not a cell-autonomous response, but is photosynthetic components ( Table 1) by elevated sugar concentrations has been demonstrated in several different controlled at the whole plant level (Sims et al., 1998 ). Yet another approach to altering internal sugar concenways. Many groups have shown that the addition of sugars to the external medium down-regulates the exprestrations has been taken by producing transgenic tobacco plants expressing invertase derived from yeast in the sion of such genes ( Krapp et al., 1993; Dijkwel et al., 1996) . Leaf discs have been cut and floated on a solution cytosol, vacuole or apoplast ( Von Schaewen et al., 1990; Sonnewald et al., 1991) . Although direct measurements containing 175 mM sucrose or glucose and repression of the chloroplastic ribulose-1,5-bisphosphate carboxylase/ of gene expression were not carried out in these plants, increased carbohydrate accumulation and inhibition of oxygenase (RBCS ) gene was observed ( Van Oosten and Besford, 1994) . Similar experiments, using detached, photosynthesis was observed in all three cases. The increase in carbohydrate concentrations was proposed as single leaves with the cut petioles placed in a sugarcontaining solution, examined the expression of the triose the cause for the inhibition of photosynthesis (Heineke et al., 1994) . phosphate translocator gene, with similar results ( Knight and Gray, 1994) . A maize protoplast suspension was Apart from photosynthesis, carbon metabolites have been shown to control the expression of genes involved used and the expression of seven different promoters of genes encoding photosynthetic components was measured in processes as diverse as pathogen attack, environmental stress, storage protein accumulation, and starch, lipid and when various sugars were supplied to the external media (Jang and Sheen, 1994) . All of the metabolizable sugars nitrogen metabolism (Hattori et al., 1990; Nakamura et al., 1991; Cheng et al., 1992 ; Karrer and Rodriguez, tested were able to repress expression. Sugar uptake was not involved, as the same effect was observed with sugars 1992; Koch et al., 1992; McLaughlin and Smith, 1994; Chevalier et al., 1996; Herbers et al., 1996; Prata et al. , directly electroporated into the protoplasts. The low Photosynthesis, sugars, gene regulation 409 1997). In general, it can be said that when sugar concenet al., 1993; Aarts et al., 1995; Klimyuk et al., 1995; Wisman et al., 1998) , and the development of efficient trations in the plant increase, there is repression of genes involved in mobilization of stored reserves and photosyntechniques for cloning the genes tagged (Ochman et al., 1988; Liu et al., 1995; Souer et al., 1995) further highlight thesis. At the same time, genes required for metabolism and storage of carbon metabolites for future use are the potential of a molecular approach. Several groups have, therefore, isolated putative Arabidopsis mutants in induced. There are many genes whose expression is regulated by this mechanism (for reviews, see Koch, 1996;  carbon metabolite-mediated gene regulation. Arabidopsis seeds can be exposed to high concentrations Quick and Schaffer, 1996; Jang and Sheen, 1997; Smeekens and Rook, 1997), and carbon metaboliteof widely occurring metabolizable sugars that allow germination, but inhibit further seedling development. mediated regulation of gene expression seems to be a central and basic process, probably common to all Several different groups have devised a number of such screens. Examples thereof are the gin (glucose-insensitive; higher plants. Zhou et al., 1998) , sig (sucrose-insensitive growth; Pego et al., 1998) , sis (sugar-insensitive; Gibson et al., 1998) ,
Screening strategies for mutants in sugar-
and cai (carbohydrate-insensitive; Boxall et al., 1996) mediated regulation of photosynthesis genes screens ( Table 2 ). Mutants generated in these screens are putative sugar-insensitive mutants. In order to obtain Biochemical and physiological approaches have delivered limited progress in unravelling the cascade of events by putative sugar-hypersensitive mutants, a similar strategy was used except that seeds were screened for their inability which sugars regulate gene expression. The foreseeable complexity of the mechanism, by analogy with the yeast to germinate or develop in the presence of otherwise noninhibiting sugar concentrations. The gss (glucose-supersystem ( Thevelein, 1994; Ronne, 1995; Gancedo, 1998) , and the probable interactions with other plant regulatory sensitive; Pego et al., 1998) and sss (sucrose-supersensitive; Pego et al., 1998) are, as far as is known, the only and biosynthetic pathways (e.g. of hormones) and the environment (e.g. light, osmotic stress, nitrogen, phossuch screens belonging to this class. Another approach used to obtain putative sugarphate supply, etc), make it impracticable to dissect the pathway based solely on such approaches. Genetic and sensing mutants was to fuse a promoter of a sugarregulated gene to a reporter gene. The plastocyanin gene molecular techniques, especially in Arabidopsis, provide powerful tools for dissecting complex pathways. The promoter has been fused to the firefly luciferase gene and transformed into Arabidopsis (Dijkwel et al., 1997) . relative ease by which Arabidopsis mutants can be generated, the more recent ready availability of tagged mutant Plastocyanin gene expression is repressed by 88 mM (3%) sucrose and, when present in the medium, luciferase is collections ( Feldmann, 1991; Bancroft et al., 1992; Long (Martin et al., 1997) control of plant development in response to metabolic and hormonal stimuli that act antagonistically. Other with a gene specific for sink tissues. These authors transformed Arabidopsis with the b-glucuronidase gene, expresinteresting insights were obtained by directly measuring photosynthesis and respiration in three sun mutants ( Van sion of which is enhanced by sugars, under the control of a class I patatin promoter. In the transgenic plants Oosten et al., 1997) . Arabidopsis plants at the rosette stage were watered with 2-deoxyglucose (2-dG), a glucose GUS staining is seen in the roots when 90 mM sucrose is present in the medium. By screening an EMS-mutagenized analogue capable of repressing several genes encoding photosynthesis proteins (Jang and Sheen, 1994) . Upon population on 90 mM sucrose with a non-destructive screening system for GUS activity, four different rsr addition of the sugar analogue, respiration remained stable and, as expected, photosynthesis decreased in the (reduced sucrose response) mutants were isolated.
Three other screens involving the sugar-inducible wild type and also sun5 and sun7. In sun6, however, photosynthesis proceeded at rates close to those obtained b-amylase gene have yielded the low b-amylase (lba; Mita et al., 1997a) , reduced b-amylase (ram; Donggiun et al., in the absence of 2-dG. In the sun6 mutant the feedback loop, by which sugar can repress photosynthesis, is no 1998), and high b-amylase (hba; Mita et al., 1997b) mutants. The first two display reduced sugar-induction longer functional. The recent cloning of the sun6 mutation revealed a surprising link between sugar-mediated gene of b-amylase gene expression whereas in the hba mutants this induction is increased. Although these screening regulation and abscisic acid signalling (C Huijser and S Smeekens, unpublished results). New insights into this strategies employed a gene which does not encode a protein of photosynthesis, it is conceivable that these interaction are expected to be obtained soon with this mutant. mutants are also defective in sugar-mediated regulation of genes coding for photosynthetic components, but this remains to be tested.
The mig mutant screen
Knowledge of the molecular mechanisms by which carbon metabolites regulate gene expression is still very A different screen from the ones described above is the mannose-insensitive germination (mig) screen. It was based limited, but mutants isolated from these screens are already proving to be highly useful in understanding the on the knowledge that mannose, a glucose epimer at the second carbon atom, was capable of repressing promoters underlying mechanism(s). The gin1 mutant ( Zhou et al., 1998) showed an unexpected link between the sugar of genes for photosynthetic components (Jang and Sheen, 1994) at considerably lower concentrations than glucose signalling pathway and ethylene signalling. Both the ethylene overexpression mutant eto1-1, and the itself. It has also been found that even low concentrations of mannose are capable of repressing Arabidopsis germinaconstitutive ethylene triple response mutant ctr1-1, had glucose-insensitive ( gin) phenotypes, whereas the tion and that additions of metabolizable sugars were Photosynthesis, sugars, gene regulation 411 sufficient to overcome this repression (Pego et al., 1999) . With the use of several different metabolizable and nonmetabolizable glucose analogues, it was shown that the inhibition of germination is mediated by hexokinase (HXK ). These results were corroborated by the finding that mannoheptulose, a specific HXK inhibitor, restored germination to seeds grown in the presence of mannose. The conclusion that HXK is involved in the mannosemediated repression of germination of Arabidopsis seeds is relevant, since HXK is thought to be the primary sensor in sugar-mediated regulation of the expression of many plant genes (Graham et al., 1994; Jang and Sheen, 1994) . EMS-and T-DNA-mutated Arabidopsis seeds were plated on media containing 7.5 mM mannose and seedlings that germinated were taken from the plates. These plants were allowed to set seed and each line was rescreened for the mannose-insensitive germination (mig) phenotype. Under these conditions, wild-type seed displays a 2-3% germination frequency background. Lines with a 12%, or higher, germination frequency were chosen as putative mig mutants. Approximately 13 000 independent EMS-mutagenized lines of ecotype Columbia glabrous (Lehle Seeds, Round Rock, TX, USA), and 6 500 independent T-DNA tagged lines ( Ws ecotype) generated by Kenneth Feldmann, University of Arizona, were screened. From these two mutant seed collections, 31 putative mig mutants were isolated, with germination frequencies on 7.5 mM mannose of up to 86% (Fig. 1) . Allelic tests are currently under way to determine the number of independent mutations present in this population.
The mig screen is different from the ones described HXK to mannose-6-phosphate (M-6-P). In many plant seeds were used for each measurement.
species M-6-P is only slowly metabolized (Herold and Lewis, 1977; Walker and Sivak, 1986) and, therefore, the addition of higher concentrations of mannose leads to (5 mM ). This minimizes the probability of isolating the depletion of ATP and phosphate. Nevertheless, it was undesired osmotic mutants. shown that the relatively low concentration of 7.5 mM mannose, used for the mig screen, did not provoke ATP
The mig screen and other putative sugar-sensing depletion, and addition of phosphate to the mannosemutant screens containing medium did not restore germination to Arabidopsis seeds (Pego et al., 1999) . Thus 7.5 mM manDue to the similarity of several of the screens for mutants nose does not provoke ATP or phosphate depletion in in sugar-mediated gene regulation ( Table 2) , and to the Arabidopsis seeds and germination is repressed via an considerable number of mutants isolated to date, there is unknown, HXK-dependent mechanism. However, since a possibility of mutant overlap between different screens. ATP was only measured in whole seedlings, one may An experiment was set up to determine if this was indeed speculate about the possibility of ATP depletion in a the case and, if so, to obtain a general idea of the extent specific cellular compartment which might be enough to of overlap. Seed from 30 mig mutants was plated on MS block germination. Another peculiarity of the mig screen (Murashige and Skoog, 1962) medium, under the screenis that while high glucose and sucrose concentrations ing conditions for the mig (7.5 mM mannose), the sig (over 300 mM ) are needed to block seedling development, and sis (350 mM sucrose), and the gin (333 mM glucose) screens. A plate containing 333 mM fructose was used in mannose can block germination at low concentrations order to determine whether fructose may be equivalent maltose share a pathway by which Arabidopsis germination can be inhibited in mig2 and mig3. This pathway to glucose in the isolation of the gin mutants. An additional plate containing 333 mM maltose was used for probably includes HXK since both the mig and the gin phenotypes have been reported to be, at least partly, comparison with the gin, sig, and sis screens and 350 mM sorbitol was used as osmotic control. Consistent results mediated by a HXK-associated step (Jang et al., 1997; Pego et al., 1999) . However, mannose is also capable of were also seen with 3 and 5 mM mannose, 321 and 380 mM sucrose, and 389 mM glucose or fructose, but repressing germination via unique pathway(s) as can be seen by the results obtained with mig1 and mig7, for here data are only presented from the concentrations mentioned above.
example. Although sucrose and maltose are both disaccharides, The results obtained ( Fig. 2) were quite surprising. Sucrose gives rise to glucose which, like mannose, is it was observed that there is not complete overlap between seedling development on 350 mM sucrose (sig and sis phosphorylated by HXK, but further metabolism of these two monosaccharides is distinct. One might have expected screens) and on similar maltose concentrations. The same holds true for the gin screen and development on maltose. only a small overlap between the mig screen and other screens, since mannose exists in plants only in trace One can only speculate on the real significance of this observation and on the need for a maltose-insensitive amounts and is capable of blocking germination at concentrations far lower than those of the other naturallyscreen to obtain saturation in the sugar-mediated gene regulation pathway. occurring sugars. The results showed, however, that there is considerable overlap between the mig screen and the The finding that mig12 and mig13 are hypersensitive for all the sugars tested was initially surprising. However, gin, sig, and sis screens. In some extreme cases, such as with mig2 and mig3, it would have been possible to detect the observation that they are also hypersensitive for sorbitol indicates that they probably represent mutants the mutants with any of the five sugar media tested. This suggests that mannose, glucose, fructose, sucrose, and hypersensitive to osmotic potential and are, therefore, incapable of germinating on the elevated concentrations of all the sugars tested. On the other hand mig4 and mig9 appear to be less sensitive to sorbitol, or insensitive to osmotic potential. Osmosis-related mutants were particularly unexpected, since the mig screen is based on the seed's ability to germinate on 7.5 mM mannose which had no osmotic effect on germination. It was concluded that there is partial overlap between all of the different screening strategies tested. It is tempting to speculate that a similar situation exists in relation to the other sugar-sensing screens ( Table 2) . Supporting this notion is the observation that sun6 is also a gin and mig mutant ( Van Oosten et al., 1997; Pego et al., 1999) and that several cai mutants are also mig mutants (Martin et al., 1998) . However, the results also show that there is a certain degree of specificity for each one of the screens. mig1 and mig7, for example, would not have been detected in any of the other screens whereas mig22 would have been detected in a gin, but not a sig or sis screen.
The results suggest that sugar-mediated regulation of gene expression occurs via a complex and branched pathway ( Koch, 1996; Jang and Sheen, 1997; Smeekens and Rook, 1997; Halford et al., 1999) . Part of this sugarsensing mechanism seems to be at least partly conserved throughout eukaryotes and HXK has been reported to yeast, plant, and animal cells ( Entian and Frö hlich, 1984;  frequency similar to that of the wild type. Black boxes represent a Matschinsky et al., 1993; Heimberg et al., 1996 ; Jang higher frequency and grey boxes, a lower. Mutants mig3 to mig30, and mig1 to mig19, were obtained from T-DNA and EMS collections, et al., 1997). There are, however, also reports of sucroserespectively. Approximately 50 seeds were used per data point. Results dependent-glucose-independent ( Wenzler et al., 1989;  are an average of measurements taken at days 6, 10 and 16. Values are Chiou and Bush, 1998; Rook et al., 1998) (Szekeres et al., 1996; Dijkwel et al., mechanisms by which they are regulated are less well 1997; Mustilli and Bowler, 1997; Perata et al., 1997; Zhou understood. Progress in their elucidation has, however, et al., 1998) further add to the complexity of the system. been rapid since the discovery that CO 2 , light, water, and Integrated analysis of mutants from all of the existing other environmental signals are in some instances integscreens will maximise the potential for unravelling the rated, translated, and perceived by the plant as sugar sugar-mediated mechanisms controlling gene regulation signals. These are then processed, resulting in activation and, ultimately, plant development. Additional screens and/or repression of expression of a wide but specific set and screening approaches may, however, be necessary to of genes. This carbohydrate-mediated mode of gene reguobtain saturation of all of the pathways involved. By lation is expected to be complex, as it not only controls analogy with yeast, mutants in one such pathway may be genes encoding photosynthetic components, but simultantotally absent from the existing collections. Galactose and eously affects processes ranging from pathogen attack galactokinase are implicated in the regulation of gene and environmental stress to storage protein accumulation transcription in yeast (Zenke et al., 1996) , and possibly and starch, lipid and nitrogen metabolism (reviewed in plant and animal cells ( Fischer et al., 1988; Kakidani and Koch, 1996; Jang and Sheen, 1997) . Ptashne, 1988; Ma et al., 1988) . S. cerevisiae galactokinase
The employment of molecular genetic techniques for and its homologue GAL3, are the sensors of a sugarthe isolation of mutants in this sugar-signalling pathway signalling cascade which, in the presence of galactose, is, therefore, an important development in this field. activates the genes necessary for further galactose Although different screening strategies have been metabolization ( Zenke et al., 1996; Platt and Reece, employed to isolate such mutants, a certain degree of 1998). The cascade itself is relatively simple and additionoverlap was found by submitting 30 mig mutants to the ally requires the transcriptional activator GAL4
conditions used for several of the other mutant screens. (Hashimoto et al., 1983) and GAL80, its negative reguResults from the same experiment showed that the overlap lator (Nogi and Fukasawa, 1984) . In yeast, this mechanbetween the different mutant screens is only partial, and ism is coupled to the HXK-dependent sugar-signalling mutants specific for each individual screen seem to have pathway, whose activation by glucose leads to the represbeen isolated. sion of the GAL1 (galactokinase) and GAL4 genes Although new insights into the mode of regulation of (Nehlin et al., 1991; Dong and Dickson, 1997; Frolova photosynthesis are already being obtained from the anaet al., 1999) and, therefore, to the inactivation the galactolysis of the existing sugar-signalling mutants, their study kinase-dependent pathway.
is still in its early stages and further research is needed to The presence of such a mechanism in plants is not seize their potential fully. The integration of data obtained certain although galactokinase activity has been demonfrom all of the existing mutant screens is expected to strated in purified extracts from several plant species provide meaningful insights into the mechanism(s) by (Neufeld et al., 1960; Chan and Hassid, 1975; Foglietti, which carbon metabolites regulate gene expression as a 1976; Dey, 1983) . Recently, the isolation of an Arabidopsis whole and photosynthesis in particular. thaliana galactokinase cDNA was accomplished by functional expression in yeast ( Kaplan et al., 1997) . This may allow the cloning of possible plant GAL4 and GAL80
